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Abstract
Prolonged periods of extreme heat also known as heatwaves are a growing concern in a changing climate. Over the Sahel, a 
hot and semi-arid region in West Africa, they are still relatively poorly understood and managed. In this research, five multi-
variate thermal indices derived from the ERA5 database were used to characterize Sahelian heatwaves for statistical analysis 
and as a sampling basis to investigate their underlying thermodynamic causes. Results show that on average most locations in 
the Sahel suffer from one or two heatwaves a year lasting 3–5 days but with severe magnitude. The eastern Sahel is more at 
risk than the west, experiencing more frequent and longer lasting events. Despite similar statistics of intensity, duration and 
frequency across the heatwave indices, for a given diurnal phase, there is surprisingly low agreement in the timing of events. 
Furthermore daytime and nighttime heatwaves have little synchronicity. In terms of associated thermodynamic processes, 
heat advection and the greenhouse effect of moisture are identified as the main causes of Sahelian heatwaves. The processes 
are nevertheless sensitive to the indices, consequence of the distinctness of their respective samples. Therefore attention 
should be given to the choice of either index in operational monitoring and forecasting of heatwaves. This will allow to 
effectively target different exposed socio-economic groups and resultantly enhance the efficiency of early warning systems.
Keywords Heatwaves · Sahel · Thermal indices · Simultaneousness · Thermodynamic processes
1 Introduction
Heatwaves, extended periods of extreme heat (Gasparrini 
and Armstrong 2011) are increasingly recognised as a major 
hazard to the society, with impacts directly on human health 
(e.g., Guirguis et al. 2013; Arbuthnott and Hajat 2017) and 
important socio-economic sectors including agriculture 
(Smoyer-Tomic et al. 2003) energy (Añel et al. 2017), trans-
port (Palin et al. 2013), infrastructure (Chapman et al. 2013) 
and tourism (Perry 2000). Recent illustrative examples of 
heatwaves that have caused major loss of life and global 
impacts through commodity supply chains include Russia 
2010 (estimated 55,000 deaths, Barriopedro et al. 2011) and 
Europe in 2003 (estimated 40,000 deaths, García-Herrera 
et al. 2010; Miralles et al. 2014). Indeed in Australia, heat-
waves have been identified as the deadliest natural hazard 
(Coates et al. 2014). Under a warming climate there is clear 
evidence that heat extremes have been increasing in recent 
decades (Hartmann et al. 2013) and are likely to continue to 
do so under all plausible greenhouse gas emission trajecto-
ries (Collins et al. 2013).
The Sahel region of West Africa is especially vulnerable 
to heatwaves with mean temperatures and heatwave risks 
peaking in the spring and autumn seasons immediately 
prior to, and following the summer monsoon (Guichard 
et al. 2009). In addition, the Sahel population is extremely 
vulnerable to climate shocks due to dependence on climate 
sensitive sectors (e.g., agriculture), widespread poverty and 
inadequate provision of health services, amongst others 
(e.g., Davidson et al. 2003; Tschakert 2007). However, the 
literature on Sahel climate and society focuses overwhelm-
ingly on rainfall variability and its societal impact and much 
less on the causes and impacts of extreme heat. Yet like other 
regions there are clear upward trends in Sahel temperatures 
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(e.g., Guichard 2014; Moron et al. 2016) most notably dur-
ing nighttime. Recent studies showed upward trends in dura-
tion, frequency and intensity of heatwave events over the 
past decades (Fontaine et al. 2013; Moron et al. 2016; Cec-
cherini et al. 2017; Barbier et al. 2017) and future projec-
tions also show a growing risk of extreme heat in the region 
(e.g., Nangombe et al. 2019; Rohat et al. 2019). However, 
some contradictory evidence of unchanged frequency exists 
(Adeniyi and Oyekola 2017), which may be related to the 
choice of heatwave index.
The negative impacts of extreme heat can, nevertheless, 
be mitigated, based on skilful forecasts (e.g., Ebi et al. 2004; 
Masato et al. 2015; Lee et al. 2016). Heatwave-health early 
warning systems are being developed in a number of coun-
tries, guided by the WMO–WHO (2015). Further, comple-
menting national government systems, in the humanitar-
ian sector systematic approaches to using weather/climate 
forecasts in risk management called Forecast-Based Action 
(FbA) and Financing (FbF) are being developed and imple-
mented by the Red Cross/Red Crescent Society amongst 
others (Perez et al. 2018; Wilkinson et al. 2018) and are 
being applied to heatwave hazards. The relevant meteoro-
logical timescales for an efficient implementation of these 
plans are the synoptic and intraseasonal scales. In the Sahel 
the ACASIS (Sahelian heatwave early warning and their 
impacts on health) project advanced the scientific evidence 
of drivers and impacts of heatwaves (https ://acasi s.locea 
n-ipsl.upmc.fr/). Heatwaves have been routinely monitored 
by two national meteorological services in the Sahel namely 
in Burkina Faso and Senegal. Effective forecasting and risk 
management require nevertheless a clear definition and 
understanding of heatwave processes, especially at the short 
(synoptic and intraseasonal) timescales.
There is no conventionally accepted definition of a 
heatwave (Souch and Grimmond 2006). Various heatwave 
indices have been proposed, which often combine various 
environmental variables (humidity, wind and solar radia-
tion) to represent the link between the physical phenomenon 
(heat) and the physiological issues (health or comfort) (e.g., 
Macpherson 1962; Cheng et al. 2012; de Freitas and Grigo-
rieva 2015a, b, 2017). Further, the selection of thresholds 
of index intensity, duration and spatial extent varies across 
the literature and operational systems (e.g., Nairn and Faw-
cett 2013; Robinson 2001; Zhang et al. 2012; Perkins and 
Alexander 2012; Smith et al. 2013; Perkins 2015; Gachon 
et al. 2016; Xu et al. 2016, 2017). However, multiple heat-
wave indices complicates both (1) scientific analysis as the 
heatwave event samples and underpinning thermodynamic 
processes may vary. (2) Monitoring and prediction and early 
warning under conditions where predictability and the link 
to health outcomes varies between indices.
Because of above complication, our paper has two 
main scientific objectives: (1) to compare the statistical 
characteristics of high-frequency heatwaves in the Sahel 
using diverse multivariate thermal indices (see methods in 
Sects. 2.2.1 and 2.2.2, results in Sect. 3.1) and (2) based on 
these indices, to assess and compare for the first time the 
underlying thermodynamic processes driving the heatwaves 
(see methods in Sect. 2.3, results in Sect. 3.3). The vari-
ability of the thermodynamics across heatwave indices will 
give insight as to their robustness and by implication their 
potential predictability. Note that we do not consider here 
the large-scale dynamical drivers of heatwave events, which 
will be explored in a companion paper later.
The novelty of this research is that through its approach, 
it makes a connection between pure atmospheric physics and 
proved health outcomes (e.g., Black 2010) through the use 
of multivariate thermal indices. In addition, the comparative 
study of heatwaves characteristics sampled from different 
thermal indices is in itself original since over this region, to 
the best of the authors’ knowledge, such an analysis hasn’t 
yet been conducted. This study is also the first to investigate 
the thermodynamics of heatwaves at the synoptic to intrasea-
sonal scale, and is thus relevant for FbA/FbF plans.
The makeup of the paper is as follows. Section 2 details 
the methodology used. Section 3 presents the results both 
in terms of statistical characteristics and thermodynamic 
processes. Section 4 discusses the findings of this paper 
with respect to other published works and elaborates on the 
potential dynamical large scale drivers. Section 5 summa-
rizes the study.
2  Data and methods
2.1  Data and derivation of thermal indices
To meet our research aims of comparing multivariate heat-
wave indices and determining the associated thermodynamic 
processes, a self-consistent multivariate dataset is desirable. 
The Sahel is a data-sparse region and so we have utilised 
the fifth generation of the European reanalysis (ERA5 here-
after) data regridded at 0.5° × 0.5° resolution covering the 
1979–2018 period (C3S 2017). We recognise the limitations 
of reanalysis data as a modelled dataset. But we also note 
that Barbier et al. (2017) have demonstrated greater agree-
ment with observed temperatures over the Sahel for ERA-
Interim (Dee et al. 2011). ERA5 is an improvement of ERA-
Interim when compared to observations and other reanalysis 
products. Furthermore, Oueslati et al. (2017) have reported 
that the ERA-Interim reanalysis is able to capture very well 
the annual cycle and its interannual variability of the US 
heat-index (an index that is used in the present study over 
the Sahel). There is additional evidence that ERA5 is the 
reanalysis that offers the best representation of various near 
surface meteorological products including near surface 
3153Characteristics and thermodynamics of Sahelian heatwaves analysed using various thermal…
1 3
moisture and wind speed (e.g., Olauson 2018; Ramon et al. 
2019), which are used in this paper (see Table 1). ERA5 is 
therefore well suited to this research. Our study domain of 
the Sahel is defined as the continental area located between 
20° W–30° E and 10°–20° N.
Five distinct formulations of heat measures (hereafter 
thermal indices) have been selected from over 100 currently 
existing indices (Pappenberger et al. 2015) to characterise 
Sahelian heatwaves (specified in Table 1). They include tem-
perature (T), the heat index (HI), the Steadman non radiant 
Apparent Temperature (AT), the Net Effective Temperature 
(NET) and the Universal Thermal Comfort index (UTCI). 
Since this study aims at targeting the effective impacts on 
comfort, the criteria for the choice are essentially how they 
simulate the exposure of Sahelian populations to diverse 
extreme heat-related environmental conditions. This fol-
lows a joint WMO–WHO recommendation on heatwaves 
and health early warning systems (WMO-No.1142, 2015). 
The exposure conditions represented by the thermal indices 
are summarised also in Table 1. Note that they have all been 
used in other semi-arid regions.
For each day over the period 1979–2018, daytime and 
nighttime indices are derived from each thermal index. For 
T, HI, AT and NET, daytime (nighttime) values are obtained 
by combining the daily maximum (minimum) temperature 
and the averages over the daytime (nighttime) time steps of 
09, 12, 15 and 18 UTC (21, 0, 3, and 6 UTC for nighttime) 
of the other variables involved. The computation of UTCI 
is relatively complex (Bröde et al. 2012). The data are how-
ever now directly available on the ERA5 portal (Napoli et al. 
2020) at an hourly resolution. For this index, the daytime 
(nighttime) component is taken as the maximum (minimum) 
over the period between 07 and 18 UTC (19 and 06 UTC), 
respectively, which introduces a small inconsistency with 
the other indices.
Considering separately the diurnal phases, there is thus 
a total of ten thermal indices, namely: Tday, Tnight, HIday, 
HInight, ATday, ATnight, NETday, NETnight, UTCIday and 
UTCInight. We will use these short names consistently in 
the paper.
2.2  Methods for heatwave characteristics 
inter‑comparison
The first step in answering our two research objectives is to 
define a heatwave day at each data grid-cell across the Sahel. 
The following method is used to achieve this.
2.2.1  Heatwave definition
We analyse data over the months of February–June corre-
sponding to the hot period in between the cool winter season 
and the monsoon season, and during which the first and most 
important peak of the temperature annual cycle is observed 
(Guichard et al. 2009; Nicholson 2018). For a given grid-
cell and a given thermal index several steps are followed to 
detect heatwaves.
First of all, from the raw data of the thermal index, we 
compute the 75th percentile of the total distribution and con-
sider it as a locally fixed threshold, which will allow us to 
discard non-absolutely hot days.
Then considering that the synoptic to intraseasonal time-
scales are the most relevant for heatwaves prediction and 
risk management plans, the thermal index values are con-
verted into anomaly values by removing the daily clima-
tology (itself smoothed through a 31-day centred running 
averaging). These anomalies are further high-pass filtered 
using Lanczos weights (Duchon 1979) with a cut-off fre-
quency of 90 days to retain variability in the synoptic and 
intraseasonal timescales. As data is lost at the edges of the 
input timeseries, the subsequent analysis is built on years 
1980–2017 which are complete. From these filtered anoma-
lies, we derive the 90th percentile value of each calendar day 
using a 31-day centred window to remove noise associated 
with a relatively short 38-year dataset.
Heatwaves are finally defined as sequences of at least 
three consecutive days passing both magnitude constraints 
simultaneously: (1) the 75th percentile of the raw data total 
distribution and (2) the calendar day 90th percentile of the 
high-pass filtered data.
Note that the calendar day threshold has been used by pre-
vious studies (e.g., Schoof et al. 2017; Perkins-Kirkpatrick 
and Gibson 2017).
2.2.2  Inter‑comparison of thermal index‑based heatwaves 
at the grid‑cell scale
In order to answer research question one, we compare the 
statistics of heatwaves across the various thermal indices 
used on a gridcell basis. Specifically we analyse:
 i. The heatwave duration, frequency and intensity. The 
duration corresponds to the length, i.e., the number 
of days of an event. The frequency is defined as the 
average number of events per year over the 1980–2017 
period. The intensity is defined as the average value of 
the index high-pass filtered anomaly during the heat-
wave. To allow comparison between different indices, 
the intensity values are standardised (divided by their 
standard deviation). The results of heatwave duration, 
frequency and intensity are presented in map formats 
in Sect. 3.1.1.
 ii. The ‘synchronicity’ of heatwave detection. For each 
grid-cell the binary timeseries of heatwave occur-
rences for different indices is compared using the 
coefficient of similarity or Jaccard coefficient (Jaccard 
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1901). Given two sets of data X and Y, the Jaccard 
coefficient is the ratio between their intersection and 
their union:
If X = Y , J(X, Y) = 1. If X and Y have no common ele-
ments J(X, Y) = 0.
For binary signals as in our case the formula is:
M00: total number of attributes where both timeseries X 
and Y have a value of 0.
M10: total number of attributes where the attribute of X 
is 1 and the attribute of Y 0.
M01: total number of attributes where the attribute of X 
is 0 and the attribute of Y 1.
M11: total number of attributes where X and Y both have 
a value of 1.
The results of this analysis are presented in Sect. 3.1.2.
A direct comparison between the thermal indices over 
all days of the February to June period (irrespective of the 
presence of heatwaves) is also made through computing 
the correlation coefficients between them. Furthermore the 
importance of the three main constituting variables (i.e., 
temperature, relative humidity and wind speed) in the ther-
mal indices is assessed. This is done by analysing the coef-
ficients of determination of the linear regression of each 
thermal index on each variable, following Berman et al. 
(2016). The coefficients of determination in our context are 
statistical measures of the portions of variances of the ther-
mal indices attributable to the constituting variables. The 
diurnal phases of the variables are the same as described 
in Sect. 2.1, i.e. daily maximum (minimum) for tempera-
ture, and averages over the time steps 09, 12, 15 and 18 
UTC (21, 0, 3, and 6 UTC) for relative humidity and wind 
speed at daytime (nighttime). Both correlation and deter-
mination coefficients are computed at each grid-cell before 
spatially averaging over the Sahel domain and are presented 
in Sect. 3.1.3.
2.3  Methods for understanding the thermodynamic 
processes underpinning heatwaves
2.3.1  Definition of arealy extensive large‑scale heatwave 
events
To address the second research objective, we analyse the 
thermodynamic processes only on days where major, arealy 








i.e. events extending over a large number of contiguous grid-
cells occurred. By focussing on the LSHWs, we hope to 
be able to identify clear signals in the thermodynamic pro-
cesses, minimising small-scale ‘noise’ in these data.
For each day over the February to June period, binary 
masks are obtained over the Sahel domain using occurrence/
non-occurrence of heatwaves at each grid-cell (grid-cell 
heatwaves are defined in Sect. 2.2.1 above). Then a hier-
archical clustering (Anderberg 1973; Everitt et al. 2011) 
is applied to these grid-cells based on the spatial distances 
between them using the average linkage method. The ulti-
mate aim is to identify days where LSHWs were observed. 
This method initially considers all grid-cells as clusters, 
merges the closest two, recalculates the distance between 
the clusters, merges again the closest two and so forth. The 
distance between two clusters is defined as the average dis-
tance between each grid-cell of one cluster to every grid-cell 
of the other cluster. The clustering process ends when the 
distance between the closest two clusters is larger than a 
subjective cut-off distance defined in this paper as 1000 km, 
characteristic of the synoptic scale in meteorology. Then the 
areas of the clusters are calculated and only those extending 
over at least 600,000  km2 (consistently with Barbier et al. 
2017) are considered as LSHWs. The algorithmic of this 
method is summarised in the supplemental material to this 
paper (see the flowchart in Fig. S1 and an illustration of a 
real case in Fig. S2).
Sensitivity tests have been carried out on both the cut-off 
distance (initially set to 1000 km) and the minimum areal 
extension of the LSHWs (600,000  km2 initially). Reducing 
the latter leads to an increase of the number of events by the 
same order than the change of areal threshold (50% decrease 
of the areal threshold leads to a doubling of the sample size) 
and reversely when it is increased. On the other hand, the 
increase of the cut-off distance between clusters leads to 
wider clusters and then a higher number of LSHWs. The 
order of the increase of the cut-off level is also conserved 
in terms of change of sample size (with decreasing values 
of cut-off level, LSHWs events become rarer). However, 
these changes of both areal extent thresholds and cut-off 
distances have no significant impacts on the spatial struc-
tures of LSHWs or the identified thermodynamic processes 
(see Sect. 2.3.2).
Because the minimum 3-day temporal constraint (see 
Sect. 2.2.1) is applied prior (at grid-cell level) to the mini-
mum areal extent threshold (as in Schoetter et al. 2015), the 
LSHW event samples exclude any very fast moving events. 
This is consistent with our goal of detecting the likely most 
harmful events as we assume the longer the duration the 
greater the impact is. The resulting maps show the occur-
rence and location of LSHWs that allow the analysis of the 
characteristics patterns of LSHW occurrence (see Sect. 3.2) 
and provide the sampling basis for us to composite the fields 
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of thermodynamic processes (see description in Sect. 2.3.3 
and results in Sect. 3.3). For this subsequent analysis, we 
separate the sample of LSHW events (see Table 3) into 
appropriate seasons, consistent with previous work (e.g., 
Kalapureddy et al. 2010; Moron et al. 2018): (1) the dry 
season (February–March, hereafter, FM) and (2) the pre-
monsoon season (April–June, hereafter, AMJ). The pre-
monsoon is the hottest season of the year and obviously the 
most active in terms of heatwaves occurrence. The FM sea-
son stands as a transition between the coolest and the hottest 
seasons and carries a risk of thermal ‘shocks’ associated 
with the thermo-physiological strain of rapid adjustment (de 
Freitas and Grigorieva 2015a, b).
2.3.2  Spatio‑temporal partitioning of heatwaves
We analyse the LSHW maps as follows. First, we determine 
the patterns of spatial variability in LSHW using an empiri-
cal orthogonal function (EOF) decomposition. These EOFs 
are calculated separately for each index, each season and for 
night and day (excluding the FM season for all nighttime 
indices as well as daytime indices of AT-day and HI-day, 
due to the small LSHW sample sizes) on all dates where a 
LSHW event is detected over the Sahel domain (see Table 3 
for the exact input sample sizes of each index). The input 
data consist of the high-pass filtered anomaly values of the 
thermal index over the whole domain (including grid-cells 
which are not part of the LSHW event). Sensitivity tests 
of the EOF results were carried out and are discussed in 
Sect. 3.2.
The resulting EOF loading patterns broadly show a dipo-
lar structure indicative of preferred occurrence of LSHW 
events over eastern versus western Sahel (see Sect. 3.2). On 
the basis of these EOF loading patterns, six characteristic 
heatwave types are identified (see Table 2 for the abbrevia-
tions used), accounting for the two subregions of east (E) 
and west (W) Sahel domains, two seasons (FM and AMJ), 
and the diurnal cycle of day (‘d’) and night (‘n’). The major 
LSHW event days of each of the six characteristic types 
are identified as instances where the standardised EOF time 
coefficients absolutely exceed one (the sign is combined 
with the spatial loadings to decide whether they correspond 
to eastern or western Sahel). These samples of major char-
acteristic LSHW events form the basis of the analysis of 
thermodynamic processes (methods described below, results 
in Sect. 3.2).
2.3.3  Thermodynamic processes causing large‑scale 
heatwave events
To quantify the thermodynamic processes driving LSHW 
events, as in Oueslati et al. (2017), we derive the surface 
energy budget (hereafter, SEB) from ERA5 data:
where SWR is the net shortwave radiation, LWR is the net 
longwave radiation, SHF is the sensible heat flux, LHF is the 
latent heat flux and  cs is the specific heat at constant pressure 
of the surface. Note that the ground fluxes are neglected in 
this study. To assess the role of clouds during some heatwave 
types, the cloud radiative effect (CRE) was derived from 
the ERA5 data as the difference between the (longwave and 
shortwave) radiation of a cloud-free atmosphere and that of 
the real atmosphere. As a convention, the radiative fluxes 
are counted negatively when directed away from the surface 
to the atmosphere. The radiative fields are relatively well 
represented in ERA5 over land (Martens et al. 2020) and 
can thus be trusted in the present study.
The SEB considers only diabatic processes since it is 
derived from the first law of thermodynamics at the surface 
level where processes are frequently non-adiabatic. It also 
accounts only for the skin temperature (temperature at lev-
els of a few centimetres high above the ground). However, 
people live in the boundary layer where adiabatic processes 
including air advection may also play an important role (e.g., 
Foken 2008; Leuning et al. 2012; Cuxart et al. 2015). There-
fore using the 925 hPa level as a proxy for the boundary 
layer, horizontal temperature advection is analysed during 
heatwave events to complement the SEB:
where T is temperature and ��⃗V  is horizontal wind which 
is decomposed into its zonal (u) and meridional (v) 
components.
To account for moisture, the second most common 
parameter to our indices, near surface relative humidity data 
are investigated. Cloud cover data are also examined to help 
describing the synoptic conditions during heatwaves.
Similarly to the thermal indices, all the physical quantities 
are first high-pass filtered to retain variability at the synop-
tic and intraseasonal scales (see Sect. 2.1). Their composite 
mean anomalies for the major LSHW event days and preced-
ing days were derived for each of the six LSHW types. The 




= SWR + LWR + SHF + LHF






Table 2  Heatwave types under investigation
FM AMJ
Day Day Night
East Sahel Ed-FM Ed-AMJ En-AMJ
West Sahel Wd-FM Wd-AMJ Wn-AMJ
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composite mean departure from zero was determined by a 
Student’s t test. These anomalies are standardised and the 
magnitude of the anomalies indicates their likely contribu-
tion to causing the heatwave.
To compare the magnitude of the thermodynamic pro-
cesses driving various heatwave indices directly, they are 
spatially averaged over grid-cells where the EOF spatial 
coefficient has a normalised amplitude larger than 0.3 
(results shown in Sect. 3.3).
3  Results
3.1  Heatwave characteristics and statistics 
across thermal indices
3.1.1  Heatwave characterization
We assess the three most important measures of heatwaves: 
Duration, frequency and intensity (defined in Sect. 2.2.2). In 
terms of duration (Figs. 1a and 2a) we see that:
 (i) Sahel heatwaves are typically not especially long last-
ing, with a mean duration not much in excess of the 
3-day minimum threshold and with little apparent 
sensitivity to the various thermal indices. Overall, the 
mean duration is quite low compared to other regions 
(e.g., Australia, Cowan et al. 2014) and other defini-
tions over the Sahel (Oueslati et al. 2017; Barbier 
et al. 2017). However, the longest lasting daytime 
heatwaves on record (Fig. S3.a and S4.a) persist for 
up to two weeks over some locations (central Burkina 
Faso, Northwestern Nigeria and across the Chad-
Niger border).
 (ii) Daytime events are longer lasting than nocturnal 
events (Figs. 1a vs 2a) persisting on average up to 
4.5 days (Fig. 2a) notably over the Central Sahel.
 (iii) Although the spatial variability in duration is not pro-
nounced, broadly the Central and East Sahel experi-
ences longer lasting events than the West during both 
day and night across most indices (Fig. 1a and 2a).
 (iv) Across the thermal indices, although differences are 
relatively small, over Eastern Sahel, AT presents the 
longest events at night (AT-night but has some of the 
shortest events during the day (AT-day). This may 
be caused by the strong diurnal cycle of wind speed 
and its ‘cooling’ effect in the AT index formulae 
(Table 1). Surface wind speeds are highest during 
the day when boundary layer mixing is greatest and 
lowest at night when surface-atmosphere decoupling 
is pronounced and nocturnal low level jets commonly 
form Parker et  al. (2005), Washington and Todd 
(2005) and Fiedler et al. (2013).
Fig. 1  Characteristics of nighttime heatwaves: a average duration in number of days per event, b average intensity in standardised units and c 
frequency in number of events per year. See Sect. 2.2.2 for the computation method
3158 K. H. Guigma et al.
1 3
Regarding heatwave intensity we note that:
 (i) Nighttime events are slightly more intense than day-
time (the magnitude of the differences between them 
is mostly below 0.3 standard deviation) (Fig. 1b vs 
2b).
 (ii) There is a higher intensity in the East, the extreme 
West and the southernmost parts (Soudan belt) of the 
Sahel compared to the Centre for most indices.
 (iii) There is considerable variability in intensity with the 
most extreme events exceeding 5 (3) standard devia-
tions in the eastern (western) Sahel (Fig. S3b and 
S4b). Such events are likely to be very harmful in 
terms of health.
Regarding heatwave frequency, most grid-cells experi-
ence between one and two events per year (Figs. 1c and 2c), 
with increasing values from West to East Sahel, for both day 
and night events—a similar structure to that of duration and 
intensity. Daytime events are slightly more frequent than 
nighttime events.
These contrasts in the diurnal cycle and the spatial distri-
bution are mostly explained by the constraints of the heat-
wave definition and the spatio-temporal variability of the 
thermal indices. A sensitivity test on the minimum duration 
constraint reveals that extreme hot events persist longer in 
daytime than nighttime over the dry East Sahel whereas over 
the West nighttime heatwaves last longer.
The locally fixed intensity threshold (75th percentile of 
the total distribution of the raw indices) also amplifies the 
day/night and East/West disparities through highlighting 
the differential annual cycle. The distributions of indices 
during the nighttime and over and the western Sahel are 
more clustered around the average values (Fig. S5 and S6) 
resulting in lesser heatwave probabilities especially during 
transitional months (February and March). In fact, for most 
indices (UTCI being the exception), the variances are larger 
during the daytime and over the East than at nighttime and 
over West Sahel (Fig. S7).
It should also be noted that the 75th percentile of the total 
distribution is very determinant in ensuring that the intrasea-
sonal events that are detected are hot indeed. March is a tran-
sition month in the Sahel and without this constraint most 
heatwaves would have been detected in this month given its 
strong intraseasonal variability.
In summary, the statistics show eastern Sahel (especially 
Chad and Sudan) to be the most affected by heatwaves, 
hosting the longest lasting, most intense and most frequent 
events. Heatwaves are more frequent and longer-lasting 
during daytime compared to nighttime, while there is little 
diurnal difference in intensities. For the same diurnal period, 
the differences in heatwave statistics between indices are not 
especially important.
Fig. 2  Same as Fig. 1 but for daytime heatwaves
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3.1.2  Synchronicity of heatwaves defined by the various 
thermal indices
The previous section suggests that the choice of thermal 
index does not affect greatly the characteristics and basic 
statistics of the heatwaves detected. However, does this mean 
the indices identify the same events? Our analysis of the 
Jaccard coefficient of similarity suggests quite surprising 
results. The average Jaccard coefficient (i.e. the average Jac-
card coefficient for a given thermal index versus the other 
four indices for nighttime (Fig. 3a) and daytime (Fig. 3b) 
separately is typically less than 0.5 across the vast major-
ity of domain grid-cells. No clear spatial consistency is 
observed in the similarity index patterns across the pairs of 
indices although the northeast of the domain centred on the 
Chad-Sudan border repeatedly depicts the maximum simi-
larity between indices. Even for the most similar two indices 
the Jaccard coefficients are only quite moderate with almost 
all the domain experiencing values less than 0.7 during the 
day, and lower for nighttime. The probable reasons for this 
dissimilarity are discussed in Sect. 3.1.3 and in Sect. 4 we 
discuss the potential implications for heatwaves risk man-
agements in the Sahel.
The similarity between day and nighttime events is lower 
still (Fig. 4c) with typically less than 10% of all heatwave 
days being common to both day and night for most indi-
ces and grid-cells. The HI index has the greatest similarity 
across day and night such that daily average of this index 
would yield the most robust combined indicator. So in the 
Sahel, daytime and nighttime heatwaves do not usually 
occur simultaneously, a finding consistent with Barbier 
et al. (2017). This also has profound implications which are 
explored in Sect. 4.
3.1.3  Factors of the low co‑occurrence across heatwaves 
samples
In this section, the reason for the low Jaccard coefficients 
between heatwaves sampled from different indices over the 
same diurnal phase (Fig. 3a, b) is investigated. Two main 
factors could be seen to exert a control on the coincidence 
of heatwaves sample from different indices: (1) the upstream 
constraints imposed on heatwave definition (duration and 
intensity thresholds) and (2) the interaction between the con-
stituting variables of the thermal indices.
A sensitivity analysis on the impact of the duration, abso-
lute and calendar day thresholds is presented in Fig. 4 using 
Tday as an example (the rates of the changes are similar for 
the other heatwave indices). Thus lowering the magnitude 
thresholds induces an increase of the Jaccard coefficient 
between the heatwave samples. As an illustration, the aver-
age Sahel-wide Jaccard coefficient between Tday and the 
four other daytime heatwave indices is approximately 1.5 
times higher if the calendar day threshold is set to the  50th 
Fig. 3  Average Jaccard similarity coefficients between each thermal index and the other four of the same diurnal phase at a nighttime and b day-
time, and c between the daytime and the nighttime components of the same index
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percentile rather than the 90th percentile (without chang-
ing the other constraints). Similar (but slightly lower) vari-
ations are observed for the absolute intensity threshold. The 
coincidence between heatwave samples also increases with 
decreasing heatwave duration thresholds. There is indeed an 
average increase (Sahel-wide) of 0.04 of the Jaccard coef-
ficient when the duration threshold is shortened by a day. 
This means that, if at the outset the minimum duration was 
set to two consecutive days, the absolute intensity threshold 
to the 60th percentile of the total distribution and the rela-
tive intensity threshold to the 80th percentile of calendar day 
distribution, the average Jaccard coefficient of Tday would 
have been 0.5 instead of 0.36 (not shown). Consequently 
the more extreme the constraints for heatwave detection, the 
lower the co-occurrence of heatwave events across differ-
ent thermal indices. Note that the variation of the different 
thresholds does not affect the spatial patterns of the Jaccard 
coefficients illustrated in Fig. 3.
The correlation coefficients between the thermal indi-
ces are relatively high (black solid lines in Fig. S8) but the 
proportions of the thermal indices variance explained by 
temperature, relative humidity and wind speed (method 
described in Sect. 2.2.2) varies significantly from an index to 
another and also contributes to the low inter-indices Jaccard 
coefficients, especially during the AMJ season. Out of these 
constituents, wind speed (green dashed lines in Fig. S8) is 
generally the least important to the indices variance. It how-
ever shows a relatively important portion of explained vari-
ability during the dry season (FM) where its annual cycle is 
at its peak with daytime more affected than nighttime. The 
daytime components of AT and UTCI are the most impacted 
by wind speed. Wind almost has no impact on HI, and there-
fore with increasing ventilation, a moist and hot air is more 
likely to lead to an HI-heatwave.
Since all indices have temperature as their principal vari-
able (Table 1), it explains most of their variance (above 80% 
in most indices, red dashed lines in Fig. S8). However its 
importance varies with the season, the diurnal cycle and 
the indices themselves. In FM, the influence of temperature 
is the largest and slightly decreases gradually in AMJ as 
the role of relative humidity (blue dashed lines in Fig. S8) 
increases due to moisture surges (Couvreux et al. 2010). It 
Fig. 4  Sensitivity of Sahel-wide 
average Jaccard coefficients 
between T-day and the four 
other daytime heatwave indices 
(HI-day, AT-day, NET-day 
and UTCI-day) to changes of 
heatwave definition thresholds. 
The red line represents averages 
of the Jaccard coefficients when 
the relative threshold is varied 
between the 90th and the 50th 
percentile of calendar day dis-
tribution (keeping the absolute 
threshold to 75th percentile of 
the total distribution and the 
minimum duration to three 
days); likewise for the blue 
(green) lines but changing the 
absolute threshold and keeping 
the calendar day threshold to 
the 90th percentile and the dura-
tion to three days (changing the 
duration between five days and 
one day and keeping the relative 
threshold to the 90th percentile 
of calendar distribution and the 
absolute threshold to the 75th 
percentile of the total distribu-
tion)
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Fig. 5  Leading EOF loadings 
for different LSHW types using 
the T index. Numbers in brack-
ets are the portions of variance 
explained (see Sect. 2.3.2 for 
the method description)
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should be noted that temperature itself is strongly associ-
ated with moisture in AMJ at daytime (due to clouds; Fig. 
S8b). Consequently, an anomalously clearer (cloudier) sky 
than usual increases (decreases) the probability of T-day 
heatwaves (the same conclusion cannot be straightfor-
wardly drawn for HI, AT and UTCI heatwaves probabilities 
as shown below). NET is the index with the strongest links 
with temperature especially at daytime with the coefficient 
of determination close to 1 (Fig S8h), leading to high Jac-
card coefficients between T-day and NET-day. The thermal 
indices with the weakest links with temperature are HI-day, 
AT-day, AT-night and UTCI-night (Fig. S8d, S8f, S8e and 
S8i respectively). The causes are not the same however. For 
HI-day and AT-day, it is due to the opposed daytime evolu-
tion of temperature versus moisture (Gounou et al. 2012): an 
increase of moisture may be associated with an increase of 
clouds (e.g., mid-level altocumulus, Bourgeois et al. 2018) 
and thus cause a decrease of temperature. For AT-night 
and UTCI-night, wind speed although with low determina-
tion coefficients, tends to counteract both the moisture and 
temperature effects. UTCI-day on the other hand maintains 
a relatively important link with temperature given that it 
takes solar radiation into account in its formulation, the lat-
ter being itself well correlated with temperature (Blazejczyk 
et al. 2012).
Summarily the choice of various constraints for heatwave 
definition and the interaction between the constituting vari-
ables of thermal indices are two important factors for the (a)
synchronicity of heatwaves samples. The second factor also 
affects the underpinning thermodynamic causes as will be 
described in Sect. 3.3.
3.2  Thermodynamic processes: spatial structures 
of Sahelian heatwaves
From this section, the focus is on large scale heatwave 
(LSHW) events as defined in Sect. 2.3.1. Table 3 presents 
the input sample sizes of each index for each month and 
season of interest over the 1980–2017 period. T (HI) has 
the largest (smallest) sample size. Regarding the temporal 
distribution, the smallest heatwave sample is recorded in 
February across all indices, mainly as a consequence of 
the absolute threshold (75th percentile). The months with 
the largest heatwave occurrences are April for the daytime 
(except HI-day) and May for the nighttime (Table 3).
The spatial structures of variability associated with 
LSHWs are assessed through an EOF analysis (see 
Sect. 2.3.2). To ensure robust results we test the sensitivity 
of the technique to the sampling domain (Hannachi et al. 
2007), by using two imbricated regions consistent with 
Richman (1986): A small domain covering the Sahel only 
(20° W–30° E and 10°–20° N) and a larger domain extend-
ing over the entire Northern Africa domain (20° W–50° E 
and 0°–35° N). The resulting EOF loading patterns are very 
similar within their overlapping area and we use only the 
larger domain for further analyses since the EOF loadings of 
the smaller domain peak towards the boundaries of the Sahel 
box suggesting processes of larger spatial scale. The EOF 
loading patterns are also insensitive to the choice of mini-
mum areal threshold or cut-off distance (see Sect. 2.3.1).
Our results indicate that the leading mode of each heat-
wave type, which explains around 15% of the total variance, 
has a zonally dipolar structure (Fig. 5, illustrated using the 
results from the T index). This means that LSHW events 
over western (eastern) Sahel are associated with relative 
cooling (warming) in eastern (western) Sahel. Note that 
the temperature anomalies associated with several weather 
type patterns over the northern tropical Africa domain also 
present the dipolar structure (Moron et al. 2018). The per-
centages of variance of LSHWs explained by the EOFs are 
relatively low but the method in itself is a robust and objec-
tive approach to capture the natural patterns of variability 
and has been extensively used in climate studies (e.g., Han-
nachi et al. 2006).
3.3  Thermodynamic processes: energy budget 
and moisture analyses
In this section, we assess the underlying thermodynamics 
associated with each heatwave type using the terms of the 
Table 3  Sample sizes of 
daytime and nighttime LSHWs 
over the 1980–2017 period
T HI AT NET UTCI
Night Day Night Day Night Day Night Day Night Day
Feb 7 43 0 6 0 7 10 41 0 19
Mar 49 160 33 34 9 70 66 162 6 134
Apr 182 238 163 169 105 222 183 235 113 247
May 224 202 212 199 204 212 190 191 217 208
Jun 137 128 136 124 116 150 137 134 139 164
FM 56 203 33 40 9 77 76 203 6 153
AMJ 543 568 511 492 425 584 510 560 469 619
Total 599 771 544 532 434 661 586 763 475 772
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surface energy budget (Eq. 3) and the heat advection (Eq. 4) 
presented in Sect. 2.3.3. Before describing the details of 
each heatwave type, it is important to mention some gen-
eral observations. All heatwave types are associated with 
an increase of temperature and most of them see a signifi-
cant decrease of wind speed. In terms of magnitude, Eastern 
Sahel heatwaves processes are generally larger than their 
Western Sahel counterparts. Similarly, in FM the magnitude 
of the processes are more important than in AMJ in agree-
ment with Moron et al. (2018). The analysis of the SEB on 
days leading to the heatwave reveals that for most heatwave 
types the anomalies of the processes keep the same sign as 
during the heatwave or are null. A progressive increase of 
their magnitude is however observed towards the onset of 
Fig. 6  Normalised anomalies associated with heatwaves occurring 
over Western Sahel at daytime during the FM season (Wd-FM). The 
top panel shows the anomalies of the indices themselves and the sub-
sequent panels the anomalies of net radiation (Rad), sensible heat 
flux (SHF), temperature advection (T-Adv) and near surface relative 
humidity (RH) in that order. Shown from left to right are the anom-
alies associated with heatwaves detected using T, NET and UTCI 
respectively. White areas are not significant at the 0.05 probability 
level
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the heatwaves (except during the FM season), meaning that 
the heating is not sudden but is a gradual process.
Latent heat flux is generally the least important of the 
SEB terms with relatively small anomalies, hence its omis-
sion hereafter.
For conciseness purposes, to indicate the origins of hot 
air in cases where heat advection is important, only wind 
anomalies associated with T are shown (Fig. 12).
The key results presented by heatwave type in the follow-
ing discussion are summarised in Table 4 where information 
on the diagnostic and leading processes as well as the agree-
ment between the indices is presented.
Daytime heatwaves in the FM season over Western Sahel 
(Wd-FM) Fig. 6 They are characterised by a decrease of 
surface relative humidity and cloudiness for T and NET and 
reversely for UTCI. Regarding the underlying processes, T 
and NET agree on the leading role of heat advection centred 
near the border between Mali and Mauritania and originating 
from the region southeast to the heatwave area (i.e. Burkina 
Faso and Western Niger; Fig. 12a). As shown in Fig. S9, 
the advection initiates up to three days prior to the heatwave 
and peaks the day before the onset with an intensity above 
0.3 standard deviation. During UTCI events the intensity 
of temperature advection is less important (less than 0.2). 
However the presence of low level moisture favours a gain 
of thermal radiation amounting to around 0.1 that also con-
tributes to the warming.
Daytime heatwaves in the FM season over Eastern 
Sahel (Ed-FM): Fig. 7. The characteristics of these events 
are consistent across the thermal indices. They are associ-
ated with a dipole of low level moisture anomalies with the 
Eastern Sahel (i.e. the heatwave region) hosting dryer air. 
There is also an increase of cloud cover whose structure has 
a southwest-northeast (SW-NE) orientation from the gulf of 
Guinea toward Eastern Sahara (not shown). An important 
decrease of surface wind speed is also observed (the FM sea-
son corresponds to the annual peak of wind speed over the 
region, Guichard et al 2009). The leading thermodynamic 
process is (consistently across all indices) hot air advection 
from the equatorial West Africa to the Eastern Sahel/Sahara 
(Fig. 12b). It starts up to five days before the heatwave (Fig. 
S9), increases gradually and reaches its maximum the day 
before the onset. It also leads to the surface sensible heat flux 
anomaly turning positive (as per our convention this means 
less flux from the ground into the atmosphere). A particular-
ity of this heatwave type is that, compared to the others, it is 
associated with large anomalies especially of temperature (in 
excess of two standard deviations), wind speed (absolutely 
above 0.5 standard deviation), advection (above 0.5 standard 
deviation) and sensible flux (close to one standard devia-
tion). The surface shortwave radiation follows the cloudiness 
pattern with negative anomalies oriented SW-NE from the 
Guinean countries through central Sahel to Eastern Sahara. 
As for the longwave anomalies they match the low level 
moisture, depicting a dipolar structure with radiative loss 
over the heatwave region.
Daytime heatwaves over western Sahel in AMJ (Wd-
AMJ): Fig. 8. These events extend over a broad sector from 
the countries of the gulf of Guinea to Western Sahara, cen-
tred in northern Mali. They are consistently accompanied 
by a decrease of moisture and cloudiness (Fig. S10) over the 
region of interest. The decrease is the most important for T 
and NET. At the exception of AT, all heatwave indices show 
Table 4  Degree of agreement between the indices and diagnostic and major thermodynamic processes for each heatwave type
HW type




Decrease (increase) of moisture for T and NET 
(UTCI)
-Heat advection (T and NET)
-Heat advection and LW (UTCI)
East day FM
(Large agreement)





Decrease of moisture and cloudiness in all 
indices
Increase of wind speed except in AT
-Heat advection in the north and sensible flux in 
the south in T, AT, NET, UTCI
-Shortwave radiation in the north and sensible 
flux in the south in HI
East day AMJ
(Fair agreement on the diagnostic, large 
agreement on the thermodynamic causes)
-Decrease of moisture and cloudiness in T, NET, 
UTCI




-Increase of wind speed and cloud cover, small 
decrease of moisture in T, HI, NET
-Decrease of wind speed, increase of moisture in 
AT, UTCI
-Small LW (T, HI, NET)




Increase of moisture and cloudiness, decrease of 
wind speed
LW (primarily) and sensible flux
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an increase of the surface ventilation (Fig. S10, consistent 
with Sect. 3.1.3).
The thermodynamic causes differ between the northern 
(Mauritania) and the southern (Burkina Faso, southern Mali) 
parts of the heatwave region. In the northern part, four out 
of five indices (T, AT, NET and UTCI) point to advection of 
hot air (with magnitude around 0.2 standard deviation) from 
the area near the Algeria-Mali-Niger trijunction as cause 
of the heating. In HI events the increase of incident solar 
radiation (following the decrease of cloudiness) stands as 
the leading cause of the heatwave in front of heat advection.
In the southern part of the heatwave region, all indices 
concord on an increase of sensible heat flux from the soil 
into the atmosphere as the process responsible for the heat-
ing. This process also extends to the Guinean band.
Daytime heatwaves over eastern Sahel in AMJ (Ed-AMJ): 
Fig. 9. These heatwaves extend over a broad sector of eastern 
Sahel and appear to be an extension of heatwaves centred 
Fig. 7  Same as Fig. 6 but for heatwaves occurring over Eastern Sahel at daytime during the FM season (Ed-FM)
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over the Northeastern Sahara at the intersection between 
Libya, Egypt and Sudan. The meteorological conditions 
during this heatwave vary with the thermal indices even if 
all show a significant decrease of wind speed, with AT hav-
ing the maximum anomaly (above 0.5 standard deviation). 
On one hand, T, NET and UTCI see a decrease in moisture 
and cloudiness. On the other hand in AT and even more 
in HI, a substantial increase of moisture and cloudiness is 
observed in association with a low level moisture conver-
gence. Yet regardless of the indices, all these heatwaves 
are driven primarily by the same process namely hot air 
advection from the southernmost Sahel (Fig. 12d) gradually 
increasing from approximately four days before the onset of 
the events (Fig. S9). This advection dumps the sensible heat 
flux between the soil and the atmosphere over the region 
covered by the heatwave. Expectedly, the advective warm-
ing is the most important for indices with dry anomalies (T, 
NET and UTCI). The net radiation anomalies are small over 
all indices but for different reasons. In T, NET and UTCI, 
the decrease in cloudiness allows more solar radiation in, 
but the dryness of the low level atmosphere also lets more 
thermal radiation out. On the other hand, there is less incom-
ing solar radiation during HI and AT heatwaves due to the 
cloud cover whereas the increase of low level moisture limits 
the thermal loss.
Nighttime heatwaves over Western Sahel in AMJ (Wn-
AMJ): Fig. 10. They cover most of western Sahel and Guinea 
but have intensity anomalies of only moderate magnitude 
(less than one standard deviation) in comparison with other 
heatwave types. The thermal indices can be categorised into 
two groups on the basis of the synoptic conditions during 
these heatwaves. T, HI and NET heatwaves occur along with 
an increase of wind speed and cloud cover (Fig. S10) over 
the region of interest whilst the low level moisture shows a 
small decrease. Reversely during AT and UTCI heatwaves, 
the low level moisture increases significantly (magnitude 
comparable to that of temperature) whereas a decrease of 
wind speed is observed. Resultantly the thermodynamics 
also vary with these two groups of indices. For T, HI and 
NET, the processes consist of small anomalies of longwave 
Fig. 8  Normalised anomalies associated with heatwaves occurring 
over Western Sahel at daytime during the AMJ season (Wd-AMJ). 
The top panel shows the anomalies of the indices themselves and the 
subsequent panels the anomalies of net radiation (Rad), sensible heat 
flux (SHF), temperature advection (T-Adv) and near surface relative 
humidity (RH) in that order. Shown from left to right are the anom-
alies associated with heatwaves detected using T, HI, AT, NET and 
UTCI respectively. White areas are not significant at the 0.05 prob-
ability level
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radiation. In AT and UTCI heatwaves, the increase of long-
wave radiation is well marked (in excess of 0.5 standard 
deviation). They also have two additional sources of heating: 
(1) sensible heat flux from the surface and (2) small heat 
advection in the lower atmosphere. Therefore, unlike with 
Ed-AMJ events, the difference in synoptic conditions is also 
reflected in the thermodynamic quantities.
Nighttime heatwaves over eastern Sahel in AMJ (En-
AMJ): Fig. 11. They extend in a southwest–northeast axis 
from the eastern Sahel to the northeast Sahara where the 
intensity is greatest. As in Ed-FM they show the highest 
agreement between the thermodynamic conditions sampled 
from the different heatwave indices. Indeed all show a large 
increase of moisture and cloud cover which is the most 
important in AT and UTCI heatwaves where the magnitude 
of the moisture anomaly almost equates to that of tempera-
ture. There is also a consistent decrease in wind speed across 
all indices (Fig. S10).
En-AMJ heatwaves occur as a result of (1) primarily long-
wave warming and (2) sensible heat flux from the soil. The 
longwave warming extends from the equatorial West Africa 
region northeastward to the northeast coast of Africa with 
magnitude peaking to above one standard deviation in AT 
and UTCI. The sensible heat flux is mainly confined within 
the southern half of eastern Sahel and its magnitude also 
goes up to 0.4 standard deviation.
Summarily the thermodynamics and synoptic conditions 
vary between daytime and nighttime and between eastern 
and western Sahel. Furthermore, there is a lower agree-
ment between the FM and the AMJ daytime heatwaves over 
western Sahel than over eastern Sahel. However there is an 
overall better consistency of the thermodynamic processes 
across heatwaves indices (Table 4) than what the low Jaccard 
coefficients suggest.
4  Discussion
From an operational perspective, the low coincidence 
between heatwaves detected from different indices over 
the same diurnal period may have profound implications 
for heatwave prediction and early warning given that many 
countries (including in the Sahel) only consider a single 
index in their operational systems (WMO-No.1142, 2015). 
Using one particular index rather than another will neces-
sarily lead to missing out heatwave events identified by 
the other indices, which could nonetheless be more rele-
vant to a given group of vulnerable populations. It is thus 
Fig. 9  Same as Fig. 8 but for heatwaves occurring at daytime over Eastern Sahel during the AMJ season (Ed-AMJ)
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recommended to monitor a range of indices in order to target 
various socio-economic groups of vulnerable populations 
with the most index. Such an approach is relevant to the 
recent emphasis on multi-hazard impact-based forecasting 
(WMO-No. 1150, 2015) in which warnings seek to indi-
cate potential damages of hydro-meteorological events on 
humans and their assets. For example, large proportions of 
Sahelian populations practice their economic activities out-
door and are exposed to relatively long hours of sunshine, 
including construction workers and street vendors in urban 
centres (Quak 2018; Balarabe and Sahin 2020), pastoralists 
and increasingly market gardeners (Woltering et al. 2011) 
and informal gold diggers (Ouedraogo and Mundler 2019) 
in rural areas. The UTCI index, which accounts for solar 
radiation (Table 1) may therefore be the most indicated for 
targeting these groups. From a spatial point of view, in the 
southernmost parts of the Sahel where the similarity is the 
lowest, it is important to use indices which give much weight 
to humidity (HI, AT and UTCI) as this region also has the 
largest moisture variability especially in AMJ. On the other 
hand, over the Northeastern parts of the domain as well as 
the whole Sahel during the FM season, only little value 
will be added to heat warnings that use complex indices 
because of small variability of environmental variables (see 
Sect. 3.1.3). For these cases, mere temperature is a reason-
ably good choice.
The fact that only small proportions of heatwaves occur 
simultaneously at daytime and nighttime is an important 
information for risk management. There is evidence that 
hot days followed by hot nights indeed pose a greater threat 
to people (e.g., Schär 2016; Murage et al. 2017) because the 
body does not have a respite to the heat in such situations. As 
such, the lack of day/night synchronicity can be interpreted 
as a relieving factor for Sahelian populations. However the 
few (but dangerous) cases where both heatwave types are 
synchronous should not be overlooked.
In terms of underlying thermodynamic processes, despite 
differences of the sampling bases, comparisons of the find-
ings of this paper with that of previous publications can still 
be made. Most notably our findings agree with Guichard 
(2014), Oueslati et al. (2017) and Sambou et al. (2020) 
on the leading role of greenhouse effect of moisture dur-
ing Sahelian nighttime heatwaves. It should be noted that 
this process is not specific to the Sahel but is also observed 
during nighttime heatwaves over other tropical regions (e.g 
Oppermann et al. 2017; Chen et al. 2019). Likewise, the 
shortwave radiation at the southernmost part of the Sahel 
accompanying daytime heatwaves corroborates the findings 
Fig. 10  Same as Fig. 8 but for heatwaves occurring over Western Sahel at nighttime during the AMJ season (Wn-AMJ)
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of (Oueslati et al. 2017) and is also found to drive some 
heatwaves in midlatitude areas like Europe (e.g Lhotka et al. 
2018).
In addition, this paper clearly highlighted the key role 
played by thermal advection in the occurrence of Sahelian 
heatwaves which was suggested by Moron et al. (2018) for 
weather types. Hot air is indeed conveyed from the conti-
nental eastern Sahel towards the cooler western coast on 
one hand and from the southernmost parts of the Sahel to 
its northernmost parts on the other hand (see Sect. 3.3). 
The importance of this process to heatwaves has also been 
proved over other regions (Cerne et al. 2007; Jacques-Coper 
et al. 2016; Sfîcă et al. 2017).
Interpretation of our results on thermodynamic processes 
must however bear in mind the limitation of the ERA5 rea-
nalysis data on which they are based. There is a considerable 
uncertainty in many meteorological fields between various 
reanalyses (Roberts et al. 2014, 2017) notably for some of 
the key radiative quantities of water vapour, clouds and dust. 
Dust is a crucial component of the Sahelian atmosphere 
(Knippertz and Todd 2012) and its radiative contribution 
to the atmospheric heat budget (Alamirew et al. 2018) may 
then be an important parameter for heatwaves. Furthermore 
there is a clear need for improved observations across the 
Sahel to support assimilation into reanalyses and direct pro-
cess analysis.
But notwithstanding this, the main findings of this paper 
along with that from previous research give a clue as to 
what can be the large scale dynamical drivers of heatwaves 
over the Sahel. Thus, despite the dryness of the FM season, 
Ed-FM heatwaves are accompanied by important moisture 
anomalies in the western Sahel (Fig. 7) as well as positive 
rainfall anomalies over the Guinean region of West Africa 
(not shown). Additionally the low level circulation has a 
strong cyclonic anomaly (Fig. 12) causing moisture surges 
from the Atlantic. Such patterns recall the findings of stud-
ies (Fink and Knippertz 2003; Knippertz 2003; Knippertz 
and Martin 2005, 2007) investigating the causes of extra-
monsoon precipitation over West Africa. The invasion of the 
Atlantic air masses from a dynamical point of view happens 
as a consequence of a southward penetration of midlatitudes 
Rossby waves, potentially leading to the well-known tropi-
cal plumes. It is therefore likely that the build-up stage of 
tropical plumes be favourable to heatwave occurrence over 
the Sahel.
During the AMJ season, heatwaves over eastern Sahel 
are also associated with a cyclonic turning of the low level 
wind over the Sahel with a strong southwesterly component 
Fig. 11  Same as Fig. 8 but for heatwaves occurring over Eastern Sahel at nighttime during the AMJ season (En-AMJ)
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(Fig. 12). Conversely, heatwaves over western Sahel coin-
cide with a reinforcement of the Harmattan winds. The AMJ 
season is also the period during which the Guinean region 
experiences the first peak of the West African Monsoon 
(WAM, Gu and Adler 2004; Nguyen et al. 2011; Thorn-
croft et al. 2011). This suggests a potential link between the 
Fig. 12  Normalised anomalies of temperature advection (shades) and wind speed (vectors) associated with heatwaves detected using T. Only 
anomalies significant at the 0.05 probability level are plotted
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monsoon and heatwaves similarly to other tropical regions 
(Ghatak et al. 2017; Luo and Lau 2018).
In connection with the cyclonic and anticyclonic turning 
of low level winds, there may be a substantial modulation by 
the West African Heat Low (WAHL). This major climatic 
feature is indeed located within the Sahel band during the 
AMJ season (Lavaysse et al. 2009). During Sahelian heat-
waves, its occurrence oscillates zonally between the west 
and the east of the Sahel laying almost exactly within the 
heatwave region (Fig. S11). Consequently a link may be 
found with heatwaves (at least statistically) but this requires 
deeper investigations.
So three large scale drivers including mid-latitudes 
Rossby waves, the WAM over the equatorial region and 
the WAHL are likely to impact the occurrence of Sahelian 
heatwaves at the synoptic to intraseasonal timescales. The 
benefit in exploring such connections lies in the potential 
predictability which will be explored in future work. A com-
panion paper examines (Guigma et al. 2020, submitted) the 
dynamical processes governing heatwaves focusing on the 
role of the tropical modes of variability and their interaction 
with these circulation features.
5  Conclusion and prospects
This paper investigated synoptic to intraseasonal heatwaves 
in the West African Sahel. The purpose was to (1) derive 
and compare the statistical characteristics of these heatwaves 
in the Sahel using diverse multivariate thermal indices and 
(2) examine the underpinning thermodynamic processes. 
Consistently across the thermal indices used in this study 
heatwaves in the Sahel are characterized by short-lasting 
events (3–5 day duration) which occur once to twice a year 
and are associated with large magnitude. However, different 
thermal indices sample different events, most particularly 
between daytime and nighttime events, but also perhaps 
surprisingly there can be notable differences in the events 
identified between indices for the same diurnal period. This 
may be very important given the preponderance of single 
indices in most heatwave early warning systems around the 
world (WMO-No.1142, 2015). The most spatially extended 
events are characterized by a (thermal) zonal polarisation 
of the Sahel. Their underpinning thermodynamic processes 
vary from one index to another consistently with the differ-
ences in the samples. The most robust processes across all 
indices are warm air advection and longwave radiation.
The results suggest that the choice of thermal index is 
important with profound implications for: (1) Our scientific 
understanding of heat wave phenomena such that synthesis-
ing research results should recognise the diversity of char-
acteristics, causes and thus potentially predictability across 
different indices and (2) operational risk management, in 
that we must ensure an appropriate choice of thermal index 
reflecting the risk to various exposed populations. Thus 
forecasters from Sahelian national meteorological services 
(NMSs) can target specific groups of the population (out-
door workers, farmers, and workers under shielded condi-
tions etc.) based on the typical features of each index. This 
will grant more efficiency and probably more trust to the 
heatwave warnings which is important for co-production.
Furthermore, a regional scale Early Warning-Early 
Action plan can make use of the definition and characteri-
zation of heatwaves of the present paper. Through the double 
magnitude constraint, there is a certitude of sampling only 
extremely hot events that may require humanitarian actions. 
However, there is a clear need to extend this scientific analy-
sis towards understanding the actual impact on society and/
or the environment. Appropriate thresholds of heatwave 
magnitude and duration should be defined in conjunction 
with relevant stakeholders based on data and experience of 
the diverse impacts across differing levels of exposure and 
vulnerability. Such impact-based forecasting methods are 
being developed (Weyrich et al. 2018; Potter et al. 2018) 
and should be considered for the heatwave risk management 
in the Sahel.
For example in the health sector there is a growing body 
of research into the link between heat and health (e.g., Lam 
et al. 2013; Herrmann and Sauerborn 2018; Campbell et al. 
2018) at the global level. Using multiple thermal indices 
can lead to a better simulation of the heat-health relation-
ship (e.g Kim et al. 2011; Morabito et al. 2014). The pre-
sent study provides a basis for such investigations over the 
Sahel through identifying and statistically characterising a 
variety of indices which simulate various heat hazards as 
well as elaborating on the physical causes behind them. In 
fact, quantifying the link between heatwaves and health 
should now be a priority in future studies in the Sahel as 
this remains to date poorly explored.
Finally, in the logic of scaling FbA plans at the Sahel 
level, it is necessary to first assess the skill of forecast 
models in predicting relevant thermal indices. Given the 
differences in thermodynamic processes between indices 
identified in this paper we may expect differing levels of pre-
dictability. This requires further analysis to build on existing 
work (e.g., Batté et al. 2018; Perez et al. 2018) to extend to 
all thermal indices in an LSHW approach. This is the subject 
of ongoing work by the authors.
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